Summary. The ability of insulin to modulate glucose metabolism is impaired in insulin resistant ob/ob mice. It has been shown that insulin-like growth factor I stimulates the uptake and metabolism of glucose in muscle through the insulin-like growth factor receptor not the insulin receptor. Thus, we have compared the abilities of insulin-like growth factor I and insulin to stimulate the in vivo incorporation of [14C]-glucose into glycogen in the diaphragm of ob/ob mice and their lean littermates. The animals used in these studies were 12-14 weeks old and the serum insulin levels of the ob/ob mice were 16-fold higher than in their lean littermates. There were no differences in the serum levels of glucose or insulinlike growth factor I. Both insulin and insulin-like growth factor I stimulate the incorporation of [14C]-glucose into glycogen in lean mice. Significant stimulation occurs at doses as low as 1 lxg/kg of either peptide. The effective doses of insulin and insulin-like growth factor I are quite similar, which indicates that the effect of insulin-like growth factor I is mediated by the insulin-like growth factor receptor and not the insulin receptor. In contrast, greater than 100 Ixg/kg of insulin-like growth factor I is required to stimulate [14C]-glucose incorporation into glycogen in the diaphragm of ob/ob mice. Thus, ob/ob mice are resistant to the action of both insulin and insulin-like growth factor I. In contrast to the decrease in the number of insulin receptors which occurs in ob/ob mice, there is no significant difference in the number of type 1 insulin-like growth factor receptors or in their affinity for insulin-like growth factor I in muscle membranes prepared from lean and ob/ob mice. In addition, the ability of insulin-like growth factor I to stimulate the catalysis of Val5-angiotensin II phosphorylation by the partially purified muscle type 1 insulin-like growth factor receptor is not decreased in ob/ob mice as compared with their lean littermates. These data indicate that the loss in sensitivity of the ob/ob mouse of both insulin and insulin-like growth factor I is most likely mediated by a post-receptor defect in metabolism and not by receptor down-regulation or desensitisation.
The autosomal recessive mutation which is expressed as the ob/ob syndrome in mice is responsible for obesity, hyperphagia, hyperinsulinaemea and insulin resistance [1, 2] . Because of these properties, these animals are often used as a model for Type 2 (non-insulin-dependent) diabetes in humans. Plasma membranes from insulin-responsive tissues of these mice contain reduced numbers of insulin receptors [3, 4] . Those receptors remaining are fully functional insulin receptors as measured by the kinetics of insulin binding [5] and by tyrosine kinase activation [6] . It is not clear to what extent the insulin resistance of the ob/ob mice may be mediated by this loss in cell surface insulin receptors.
Insulin-like growth factor I (IGF I) is a 70 amino acid peptide with a high degree of structural homology to insulin [7] . Several studies have shown that IGF I stimulates glucose transport and glycogen metabolism in muscle tissue [8] [9] [10] at concentrations which suggest that the effect is mediated by the type I IGF receptor and not the insulin receptor. In addition, in the non-fusing muscle cell line, BC3H1, preincubation with insulin (5 nmol/1) decreases the number of cell surface insulin receptors without altering the number of type 1 IGF receptors [11] . Glucose transport in these insulin-treated cells is not increased by subsequent treatment with insulin, but is stimulated by IGF I at the same doses as non-treated cells [11] . Thus, the effects of IGF I cannot be mediated by the insulin receptor.
These experiments suggest that the evaluation of the effects of IGF I on glucose metabolism in muscle tissue of ob/ob mice may be useful in determining if the insulin resistance is due solely to a loss in cell surface insulin receptors. We have recently described the purification and characterisation of fully biologically active -glucose as described in the Methods section. After 2 h, animals were killed, the diaphragm was removed, and the incorporation of radioactivity into total glycogen was determined. Data points are normalised for wet tissue weight and are the means + SEM for 5 animals. Relative potencies were determined by the parallel line bioassay technique [21] . The data were analysed by unpaired t-test-and points which are significantly different from control animals (no peptide) are noted. The values for control animals are 6608 -+ 797 cpm for lean mice and 4358 + 29~ 8 cpm for ob/ob mice. * p< 0.05, ** p< 0.01, *** p< 0.001 IGF I from the conditioned media of yeast [12] transformed with a vector containing a synthetic gene for IGF I [13] . In the experiments reported here, we have used this IGF I to measure its ability to stimulate the incorporation of glucose into the diaphragm of ob/ob mice and their lean littermates in vivo.
Materials and methods
Male ob/ob (C57BL/6J) mice and their lean littermates were obtained from Jackson Laboratories (Bar Harbor, Me, USA) and were fed ad libitum up to the time of experiment. [125I]Iodine (carrier free) [12] . The purity of the peptide was confirmed by SDS-polyacrylamide gel electrophoresis and silver staining performed as previously described [14] , and it is fully biologically active compared with authentic human IGF I [12] .
Determination of in vivo stimulation of muscle glycogen synthesis
The method has been described in detail by Rafaelson [15, 16] . Briefly, [UJ4C] glucose (0.6 lxCi) and peptide were injected i.p. in saline containing 0.1% bovine serum albumin (BSA) into fasted (18 h) male mice. After 2 h, the mice were killed, the hemidiaphragms were removed, weighed, and the incorporation of [14C] glucose into total glycogen was determined.
IGF I binding to muscle membranes
12sI-IGF I (50-80 Ci/g) was prepared as described previously [11] . Hind limb skeletal muscle plasma membranes were prepared as described by Schmid-Antomarchi et al. [17] . Briefly, tissue was removed and homogenised using a Polytron PT-35 (Brinkmann, Westbury, NY, USA) in 10 volumes of 5 mmol/1 Tris, pH 7.5 containing 0.25 mol/1 sucrose and 1 mmol/1 EDTA. The homogenate was centrifugedat 1500 x g for 15 rain, and the superuatant was centrifuged at 10,000 x g for 20 min. The supernatant was centrifuged at 100,000 x g for 1 h. This pellet was resuspended in the assay buffer at a concentration of approximately 20 mg protein/ml. The specific activity of 5' nucleotidase in the membrane preparations was determined using the method described by Avruch and Wallach [18] . 125I-IGF I (0.25 nmol/1) and membranes (0.2 rag) were incubated in the presence and absence of competing IGF I (0.3 lxmol/1) in 0.2 ml Hepes, pH 8 containing 120 mmol/1 NaC1, 5 mmol/1 KC1, 0.12 mmol/1 MgSO4, and 0.1% BSA for 1 b at 20~ Samples were filtered over Whatman GF/F filters pre-soaked in 0.1% polyethyleneimine to separate bound from free ligand. The incubation tubes and filters were washed four times with 2.5 ml cold assay buffer (minus BSA). Less than 5% of the ligand bound to the filters in the absence of competing peptides. Muscle membranes bound 25% of the ligand in the absence of competing peptides. Non-specific binding, measured by adding excess amounts of unlabelled IGFI (0.3 lxmol/l), was 36-44% (mean + SD = 38.6_+ 3.2) of the total binding of ligand to membranes.
Insulin and IGF receptor tyrosine kinase assay
Assays were carried out as previously described [6] . Briefly, wheat germ affinity-purified muscle preparations were incubated in the absence or presence of peptide for 15 min at 23~ then [y32p]-ATP was added for an additional 15 min. The receptor preparations were then incubated with ValS-angiotensinII for 10min at 23~ Phosphorylated proteins were precipitated by trichloroacetic acid, and an aliquot of the supernatant was .absorbed to phosphocellulose (P81) paper. The paper was extensively washed with 75 mmol/1 H3PO4 to remove excess label, and counted. Results are expressed as pmol 32p-ValS-angiotensin II formed per min per mg protein.
Other methods
Blood glucose was measured by the Ferricyanide/Ferrocyanide oxidation-reduction method using an auto-analyzer (Technicon Corp, Tarrytown, NY, USA). Plasma insulin levels were determined by a modification of the procedure described by Herbert et al. [19] . Plasma IGF I levels were determined using antiserum UB286 (National Hormone and Pituitary Program, Baltimore, Md, USA) at a final dilution of 1:8000 as described by Furlanetto et al. [20] with the following modifications. Fresh plasma was incubated with an equal volume of 2 tool/1 acetic acid at room temperature for 2 h; the extract was applied to a C18 Sep Pak (Waters Assoc, Milford, Mass, USA); the Sep Pak was washed with excess 1 mol/l acetic acid; and then IGF I was eluted using methanol. The recovery of IGF I during this extraction procedure was >95%. The methanol extracts were dried and redissolved in RIA assay buffer. The extracts were incubated with antibody for one h before the addition of tracer 125I-IGF I. The assay was completed as previously described [20] .
Statistical analysis
Differences between experimental and control data sets were analysed by unpaired t-test as described in the Figure legends. Relative potencies were determined using the parallel line bioassay technique [21] . The animals used in these experiments were ob/ob mice and their lean littermates which were 12-14 weeks old. The ob/ob animals are markedly hyperinsulinaemic, with serum insulin levels 16-fold higher than their lean littermates ( Table 1) . The blood glucose levels in the ob/ob animals are not significantly different than in their lean littermates (Table 1) . Surwit et al. have shown that when hyperglycaemia is seen in animals with the ob/ob syndrome, it is stress-induced [22] . Serum levels of IGF I are not significantly different in the lean and ob/ob mice (Table 1) . Insulin and IGF I stimulate the incorporation of [14C]-glucose into muscle glycogen in lean mice in a dose-responsive manner (Fig. 1 ). Significant stimulation (p< 0.01 and 0.05, respectively) occurs at doses as low as 1 ~tg/kg insulin or IGF I. IGF I is 50% as potent as insulin in stimulating glycogen synthesis in lean animals as determined using the parallel line bioassay technique [211.
Insulin stimulates the incorporation of [14C]-glucose into glycogen in ob/ob mice (Fig. 1 ). Significant stimulation (p< 0.001) occurs at 3.3 ~tg/kg insulin. However, the degree of stimulation achieved by 10 ~xg/kg insulin in lean mice (i. e. 20-fold) requires the administration of 100 lxg/kg insulin in the ob/ob animals (Fig.l) . In a preliminary experiment, we observed that IGF I does not stimulate in ob/ob animals at doses ranging from 3 to 100 ~tg/kg. Significant stimulation (p< 0.05) of [14C]-glucose incorporation into glycogen requires greater than 100 ~tg/kg IGF I (Fig.l) . Thus, > 30-fold higher levels of IGF I are required to stimulate muscle glycogen synthesis in ob/ob mice than in their lean littermates.
125I-IGF I (0.25 nmol/1) specifically binds to sites on membranes prepared from hindleg muscle and unlabelled IGFI is able to inhibit the binding with IC50= 10+7 and 6+4 nmol/1 in membranes from lean and ob/ob animals, respectively (mean_SD, n =2, Fig. 2 ). There is no significant difference either in the maximal binding capacity or in the ability of IGF I to inhibit the binding to membranes prepared from lean and ob/ob mice (Fig.2) . Scatchard analysis of these data shows that the Kd of type 1 IGF receptors from lean and ob/ob mice are 6.7 +__ 3.3 and 6.1 + 4 nmol/1, respectively (mean_SD, n =2). The ob/ob preparations contain 30% fewer insulin receptors than the preparations from lean mice (data not shown). The specific activity of 5' nucleotidase, a specific plasma membrane marker protein, is not significantly different between membranes prepared from lean and ob/ob animals, indicating that the plasma membrane content of membranes prepared from both types of animals is similar (data not shown).
Partially purified muscle membrane preparations catalyse the phosphorylation of ValLangiotensinlI (Fig. 3) . Insulin stimulates the catalysis by preparations from lean mice 7 and 11.1 pmol.min-a-mg -1 protein at 10 and 100nmol/l, respectively (Fig.3) . Insulin stimulates 4.4 and 7.1 pmol. min -t. mg -t protein at 10 and 100nmol/1, respectively, in preparations from ob/ob mice. This 38% decrease in the responsiveness of ob/ob mice compared to lean mice is due to a decrease in the number of insulin receptors per mg protein in the ob/ob muscle preparations [6] . IGF I (100 nmol/1) stimulates 3.5 pmol. min -lmg-1 protein in preparations from lean mice, although there is no significant stimulation by 10 nmol/1 IGF I. In preparations from ob/ob mice, IGF I stimulates 1.6 and 2.8pmol.min-l.mg -t protein at 10 and 100 nmol/1, respectively (Fig. 3) .
Discussion
IGF I stimulates the incorporation of [14C]-glucose into glycogen in the mouse diaphragm with 2-fold lower potency than insulin. This is similar to previous observations in mouse soleus muscle [8, 9] , in rat heart [10, 23] and in a muscle cell line [11] . Since IGF I has at least 30-fold lower affinity than insulin for muscle insulin receptors [11] , the stimulation by IGF I is likely mediated by an IGF receptor in this tissue and not by the insulin receptor. IGF I is also 2-fold less potent than insulin in stimulating glucose transport in perifused rat heart [10, 23] and in BC3H1 cells [11] . In contrast, Poggi et al. showed that IGF I was 20-fold less potent than insulin in stimulating glucose transport in isolated mouse soleus muscle [8] . The reason for this quantitative difference is not known, although it has recently been demonstrated that the potency of IGF I in a given biological assay system is controlled by the levels of its receptor, as well as by levels of tissue-derived IGF binding proteins [24, 25] . Thus, both the types and quantities of binding proteins secreted by a tissue will affect the potency of IGF I.
IGF I interacts with two types of receptors that differ both in their physical properties and in their affinities for IGF I, IGF II, and insulin [26] [27] [28] . Since it has recently been observed by several groups that synthetic and recombinantly-produced IGF I have very low affinity for type 2 IGF receptors [12, 29, 30] , it is likely that the effects of IGF I are mediated by the type 1 IGF receptor.
Our data, as well as that of other researchers [1, 21, suggest that ob/ob animals are resistant to the action of insulin. In contrast to the sensitivity of the lean mice to IGF I, > 30-fold higher levels of IGF I are required to see significant stimulation of [14C]-glucose incorporation into muscle glycogen in the ob/ob mice. Thus, ob/ob mice are resistant to the action of both insulin and IGF I. In fact, the sensitivity of diaphragm glycogen synthesis to IGF I in ob/ob mice may be reduced further than the sensitivity to insulin. However, the maximal response to either peptide was not achieved at the doses administered to the ob/eb mice, and so it is not possible to quantitatively assess the relative potency of IGF I and insulin in ob/ob mice with the present data. These data may suggest that multiple mechanisms are involved in reducing the sensitivity of ob/ob diaphragm to IGF I, and that not all of those mechanisms may pertain to insulin action in this tissue.
Poggi et al. showed that isolated soleus muscles of goldthioglucose-obese mice required 5-fold higher levels of IGFI to stimulate glycogen synthase than muscles from lean mice [8] . The measurement of glucose incorporation into diaphragm glycogen after intraperitoneal injection of glucose and insulin was first described by Rafaelson [15] . He convincingly showed that the insulin effects were mediated by a local action within the peritoneum since blood glucose levels were not affected at insulin doses which gave a 400% increase in glycogen synthesis in the diaphragm [15] . Thus, this method offers the advantages of an in vivo system with some degree of isolation from the systemic circulation. This assay system offers a distinct advantage when looking at the activity of IGF I, since very large doses must be given i.v. to saturate the large pool of circulating IGF binding proteins. In contrast, we have shown that the sensitivity of the diaphragm response to IGF I after i.p. injection in rats is only reduced 4-fold compared to IGF analogue which do not bind to serum binding proteins [24] .
The insulin resistance of ob/ob mice has been ascribed partially to the reduced level of insulin receptors in muscle [31] and other tissues [3] [4] [5] . This loss in receptor number is probably due to the marked hyperinsulinaemia of these animals. However, the binding properties of these receptors [5] and the tyrosine kinase activity per number of receptors [6] are normal. We have shown that the number of type 1 IGF receptors in the muscles of ob/ob mice is not reduced, and that their tyrosine kinase activity per number of receptors is similar to that of receptors from muscle of lean mice. Thus, in contrast to theirdecreased number of insulin receptors, the ob/ob animals are resistant to the action of IGF I even though the receptor levels are not reduced.
A type of insulin resistance can be induced in various cell types by preincubation with insulin. This in vitro hyperinsulinaemia induces a loss of cell surface receptors and a desensitisation of the cellular response to subsequent doses of insulin when measuring 2-deoxyglucose transport in BC3HI cells [11] , glucose oxidation and metabolism in rat adipocytes [32] and glycogen synthesis in human HepG2 cells [33] . In contrast to the observations in ob/ob mice described above, the receptors remaining on adipocytes or HepG2 cells after prolonged exposure to insulin have markedly reduced tyrosine kinase activity per number of receptors [32, 33] . Thus, the mechanisms involved in insulin-induced desensitisation in vitro are clearly different than the mechanisms causing insulin resistance in ob/ob mice.
In addition, we have shown that glucose transport in BC3H1 cells pre-incubated with insulin is normally responsive to IGF I despite a 100-fold loss in sensitivity to insulin [11] . Thus, it is possible that the insulin-induced desensitisation of the insulin receptor tyrosine kinase activity is the sole mechanism involved in the loss of insulin responsiveness in cells pretreated with insulin. We have clearly shown that this mechanism is not important in mediating insulin resistance in ob/ob mice.
Our data suggest that measuring the glucoregulatory effects of IGF I in insulin-resistant states may be a useful method to distinguish between insulin receptormediated and post-insulin receptor-mediated mechanisms of insulin resistance. It has recently been shown by Caro et al. that insulin receptors in the liver and adipose of obese humans with Type 2 diabetes have reduced tyrosine kinase activity as compared with nondiabetic, obese patients and lean control subjects [34, 35] . The ability of the tyrosine kinase activity of human skeletal muscle insulin receptors to catalyse the phosphorylation of exogenous substrates is reduced in both obese and Type 2 diabetic subjects [36, 37] . These data suggest that the insulin resistance in Type 2 diabetes is at least partially due to defective insulin receptor tyrosine kinase. At present, it is not known if patients with Type 2 diabetes and insulin resistance are also resistant to the glucoregulatory effects of a bolus dose of IGF I.
At present, we have no evidence to suggest which step in the pathway of insulin/IGF I-induced glycogen synthesis is deficient in ob/ob diaphragm muscle. However, the data presented here strongly suggest that the insensitivity of muscle from ob/ob mice to insulin and IGF I is more than likely not due to a receptor defect but to a post-receptor abnormality in a transduction step common to the action of both peptides.
